Liver copper concentration is generally considered the best measure of copper nutritional status in cattle. Ultrasonic nebulization in conjunction with inductively coupled plasma-atomic emission spectroscopy (ICP-AES) was investigated as a method to provide adequate sensitivity to allow accurate simultaneous measurement of copper and 14 additional elements from needle biopsy samples. The element concentration frequency distribution profile of 12 elements routinely present in liver was compared to profiles of the elements in fat, muscle, vena cava, kidney, and clotted blood. The profiles could be used to confirm the authenticity of the liver biopsy sample. Element concentrations in biopsy samples taken in triplicate from the five lobes of a bovine liver were compared to those from triplicate wedge sections taken adjacent to the biopsies and analyzed by conventional ICP-AES. Precision between biopsies was equal to or better than precision between wedge samples. Some element concentrations determined by the biopsy procedure differed statistically from those determined by the wedge procedure, but differences were not sufficient to influence clinical interpretation of data.
Bovine copper status is frequently assessed through the measurement of serum copper concentration. 8, 9, 11 In most instances, liver copper may be a more useful guide, depending on the objectives of the investigation. 1, 5, 8, 11 The correlation between serum and liver copper concentrations is poor, 5, 6 particularly above liver concentrations of 40 ppm dry weight. 2 The strength of this correlation is influenced by factors such as high molybdenum in the diet. 4 However, serum or plasma coppers continue to be used as monitors of bovine copper status because liver biopsies of sufficient size for copper analysis have been inconvenient to obtain and present some risk to the animal's health. 10 Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) is an instrumental technique that allows quantitative analysis of as many as 40 elements in solution simultaneously. The technique involves nebulization of the liquefied sample into an argon plasma that is sustained by a high-frequency oscillating magnetic field. Elements are atomized and elevated to excited states in the high temperatures (8,000-10,000 K) of the plasma and emit characteristic photons as they decay back to lower energy states. Wavelengths are dispersed by a diffraction grating and simultaneously measured in a direct-reading polychromator or sequentially measured in a scanning monochromator. Because of the nature of the argon plasma, chemical interferences are virtually eliminated; self-absorption at high analyte concentrations is greatly reduced, pro-viding a greatly extended linear range; and most spectral interferences are removed by high-resolution optics. 7 The technique of ultrasonic nebulization provides a much smaller and more uniform liquid droplet size than conventional nebulization techniques. Combined with condensation of water prior to entrance into the plasma, it allows a greater concentration of analyte to enter the plasma and eliminates plasma cooling, resulting in up to a 10-fold enhancement in sensitivity. 3 The use of ultrasonic nebulization in conjunction with ICP-AES was therefore investigated as a method to provide adequate sensitivity for the accurate measurement of copper and other trace element concentrations from needle biopsy samples of bovine liver.
Materials and methods
Chemicals and equipment. Ultrahigh purity reagents were necessary to maintain low background interference, including: Nitric Acid; a 18 meg ohm water from a 4-bowl purification system; b ICP/DCP single element stock solutions; c class A volumetric flasks, acid washed; and 15-ml Teflon vials, d acid washed. The ICP-AES spectrometer was a simultaneous/sequential instrument e interfaced to an ultrasonic nebulizer (USN) with an autotuning power supply. The instrument operating parameters and element wavelengths with corresponding detection limits are given in Table 1 . Evaluation of the short-term precision of the measurement was carried out on a daily basis by examination of the raw data obtained on triplicate instrument determinations (5-sec exposures).
Sample digest procedure. Biopsies were placed into a Teflon container and dried 4 hr at 95 C. Samples were removed from the oven and cooled to room temperature. Biopsies were weighed on an analytical balance by transferring to a tared weigh paper and placed back into the original Teflon container. Concentrated HNO 3 was then added to the Teflon container in the following tissue dry weight/acid volume proportion: Ͻ10 mg/0.25 ml; 10-50 mg/0.50 ml; 50-100 mg/1.25 ml; procedure blanks/0.50 ml. The containers were tightly capped and the samples digested overnight at 95 C, were removed from the oven, and cooled to room temperature. The digest was quantitatively transferred with water to an appropriate volumetric flask and brought to volume such that the final acid concentration was 5% (i.e., 0.25 ml conc. HNO 3 diluted to 5 ml, etc.). Multielemental analyses on wedge-section (1 gm) tissue samples were done by simultaneous/sequential ICP-AES with fixed cross-flow nebulization following our published procedure. 7 Sample quality control. The concentrations of standards were verified by comparison with NIST multielement Mix A-1 SRM 3171a and multielement Mix B SRM 3172 diluted to 1 ppm in 5% acid. Following daily instrument standardization, standards were reanalyzed as unknowns and required to fall within 2% of the known concentration. All biopsy sample analyses were compared with 3 blank digests and with NIST Bovine Liver SRM 1577b prepared in the following manner. Approximately 250 mg SRM 1577b was weighed on an analytical balance, recording the exact weight. Five milliliters concentrated acid was added and the container was tightly capped and placed in a 95 C oven overnight. The mixture was then cooled to room temperature, quantitatively transferred with water into a 100-ml volumetric flask, and brought to volume. This procedure allowed comparison of the NIST reference standard, diluted to equivalent tissue sample size and element amounts, to the biopsy samples. Wedge-section (1 gm) tissue samples were compared to the NIST Bovine Liver SRM 1577b prepared as previously described. 7 Bovine tissue samples. Bovine liver, fat, intercostal muscle, diaphragm, vena cava, kidney, and clotted blood were obtained from animals necropsied at the Michigan State University Animal Health Diagnostic Laboratory. The tissues in addition to liver were selected because they could be mistakenly sampled in an attempt to biopsy the liver. Biopsy size ''snips'' were taken from the samples with a biopsy instrument g and analyzed as described above. Liver obtained at necropsy from a single cow was also sampled as follows. Three 1-gm wedge sections were excised from random areas of each of the 5 lobes, and 2-3 biopsy ''snips'' were obtained from an area adjacent to that of each individual wedge section. The wedge sections and the biopsies were analyzed as described above. The experimental design allowed examination by analysis of variance (ANOVA) h on 3 classes: liver lobe at 5 levels (left; right; quadrate; caudate, papillary process; and caudate, caudate process); sample type at 2 levels (wedge and biopsy); and 3 replicates (designated A, B, and C) with element concentration the dependent variable. The ANOVA was conducted on each element independently.
Results
Analytical precision and accuracy. Daily examination of the raw data of triplicate determinations illustrated in Table 2 indicated that Cu, Ca, Fe, Mg, Mn, Mo, P, Zn, Na, S, and K could be determined with a precision of Ͻ10% RSD on samples of 5 mg dry weight or greater. Confirmation of accuracy of the ICP-AES/USN procedure on small samples was accomplished by determination of NIST Bovine Liver SRM 1577b using a sample aliquot comparable in size to the liver biopsies ( Table 3 ). The data obtained by ICP represented 33 determinations collected on separate days over a period of 8 months.
Element concentration frequency distribution profiles. The frequency distribution profiles of the 15 elements routinely determined in liver were compared to the frequency distribution profiles of elements in fat, intercostal muscle, diaphragm, vena cava, kidney, and clotted blood of the same animals. Typical tissue profiles of Cu, Mn, Cd, and Fe are illustrated in Fig. 1 . Table 4 contains the mean and range of the concentrations of 12 elements routinely found in biopsies of liver, fat, intercostal muscle, diaphragm, vena cava, kidney, and clotted blood.
Assessment of liver status by biopsy vs. conventional sampling. One-gram wedge sections, taken in triplicate from the 5 lobes of a single bovine liver, were analyzed by conventional ICP-AES and compared to biopsy samples, taken in triplicate from areas of the 5 lobes adjacent to the wedge sections, analyzed by ICP-AES/USN. Table 5 contains the mean, standard deviation, and Scheffe group comparison for the individual lobes and sample types, as well as the overall mean and standard deviation. Copper was shown to differ in concentration between lobes, as well as between sample types. Manganese, on the other hand, did not differ between lobes or between sample types. A number of elements, including Mg, Ca, Mo, P, S, and Zn, did not differ between lobes, but did differ between samples types.
Discussion
Short-term precision of the ICP-AES/USN measurement was evaluated by examination of the routine data obtained on triplicate exposures. It indicated that Cu, as well as 10 additional nutritionally important elements, including Ca, Fe, Mg, Mn, Mo, P, Zn, Na, S, and K, could be determined with excellent precision (Ͻ10% RSD) on samples of 5 mg dry weight or greater ( Table 2 ). The sample presented in Table 2 was chosen because it contained a deficient copper level and illustrates that even at low levels (adequate range 90-540 ppm,) 10 liver Cu was measured with an RSD of 2.8% in a 5.66-mg dry weight biopsy. With samples of less than 5 mg, Mo became difficult to determine with a precision of Յ10% RSD.
Accuracy was confirmed by determination of NIST Bovine Liver SRM 1577b using a sample aliquot comparable in size to the liver biopsies. The ICP data shown in Table 3 represents 33 measurements determined on separate days over a period of 8 months. In spite of the small sample size, the element concentrations found by ICP-AES/USN were in excellent agreement with the NIST certified ranges. The means of all but 4 elements fell within the NIST certified range. The Cd standard error overlapped the NIST range, and the means for K, Na, and P were within 4% of the NIST mean. The long-term precision found over an 8-month period was much better than might be expected and can most likely be attributed to the inherent stability of the USN.
Because the blind biopsy technique may inadvertently result in acquisition of a piece of tissue other than liver, and because proper gross identification of a small biopsy is difficult for the chemical analyst, experiments were conducted to characterize various tissues by profiles of their element concentration frequency distributions. The frequency distribution profiles of the 15 elements routinely determined in liver were compared to the frequency distribution profiles of elements in fat, intercostal muscle, diaphragm, vena cava, kidney, and clotted blood of the same animal. The profiles could be used to distinguish liver from other tissues that may be inadvertently obtained with the blind biopsy technique. Figure 1 contains the frequency distribution profiles of Cu and 3 elements, Mn, Cd, and Fe, that may be useful in identification of tissues that would contribute to a mistakenly low Cu value if the tissue was thought to be liver. Table 4 contains the mean and range of the concentrations of 12 elements routinely found in biopsies of liver, fat, intercostal muscle, diaphragm, vena cava, kidney, and clotted blood. It is apparent from examination of 22** 13 49 † Significantly different from corresponding liver element at * P Ͻ 0.05 and ** P Ͻ 0.01. 1 and Table 4 that liver can often be distinguished from other tissues that may be inadvertently sampled in its place by a combination of elements that do not overlap in the two tissues. For instance, in the most common contaminating tissue, fat, the maximum amount of all elements found except Ca and Cd is well below the minimum seen in any liver sample examined. Therefore, the inadvertent inclusion of excess fat with or in place of a liver biopsy would depress the true element concentrations expected in the liver sample. In several clinical cases submitted to the laboratory (data not shown), kidney was identified as the tissue mistakenly submitted as liver by the excessively high levels of Cd and Na along with excessively low Mn and Mo. Clotted blood may be distinguished by the presence of very high Fe in combination with low Mn and Mo. Experiments were also conducted to address the issue of whether the biopsy technique, by virtue of the small sample size acquired and analyzed, would introduce a greater variability into the determination of tissue element concentrations than current techniques based on a sample size of 1 gm fresh weight or larger. Wedge sections, taken in triplicate from the 5 lobes of a single bovine liver and analyzed by conventional ICP-AES, were compared to biopsy samples taken adjacent to the wedge sections and analyzed by ICP-AES/USN. Examination of the copper data in Table 5 indicates that differences existed between lobes, with the caudate lobe and caudate process containing the greatest concentration of Cu, confirming a previous literature report. 5 However, the right lobe, which would be the lobe sampled under normal needle biopsy procedures, did not differ from any of the other lobes for Cu, or for any other element studied except Na. It is also apparent that the biopsy procedure yielded a significantly different Cu value than the wedge section. This difference would be of minor importance in the interpretation of field data in light of the much greater differences between some of the liver lobes within the same animal, or the usual variability between animals seen in the field.
It is noteworthy that for all elements studied, the standard deviation about the mean was less for the biopsy procedure than the wedge section method, indicating that the smaller biopsy sample did not contribute to greater variability. It is possible that the smaller variability of the biopsy procedure was due to the enhanced stability of the USN compared to the fixed cross-flow nebulizer used to analyze the wedge sections.
These experiments demonstrated that ICP with ultrasonic nebulization may provide sufficient sensitivity to determine, with adequate precision (Յ10% RSD), liver element concentrations in biopsy samples as small as 5 mg dry weight. The procedure was accurate for the simultaneous determination of Ca, Cd, Cu, Fe, K, Mg, Mn, Mo, Na, P, S, and Zn, as shown by analysis of the NIST bovine liver standard at a comparable sample size. A small procedural difference in copper concentration was found between the standard analysis (1 gm fresh weight) and the biopsy mineral analysis, but the difference would not be sufficient to affect clinical interpretation. The multielement profile allowed assessment of the validity of the biopsy tissue sample. Within a single liver lobe, the variability of the measurement with the biopsy technique was not greater than with the standard analysis of a 1-gm (fresh weight) sample. 
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